Selsby JT, Acosta P, Sleeper MM, Barton ER, Sweeney HL. Long-term wheel running compromises diaphragm function but improves cardiac and plantarflexor function in the mdx mouse. J Appl Physiol 115: 660 -666, 2013. First published July 3, 2013 doi:10.1152/japplphysiol.00252.2013.-Dystrophin-deficient muscles suffer from free radical injury, mitochondrial dysfunction, apoptosis, and inflammation, among other pathologies that contribute to muscle fiber injury and loss, leading to wheelchair confinement and death in the patient. For some time, it has been appreciated that endurance training has the potential to counter many of these contributing factors. Correspondingly, numerous investigations have shown improvements in limb muscle function following endurance training in mdx mice. However, the effect of long-term volitional wheel running on diaphragm and cardiac function is largely unknown. Our purpose was to determine the extent to which long-term endurance exercise affected dystrophic limb, diaphragm, and cardiac function. Diaphragm specific tension was reduced by 60% (P Ͻ 0.05) in mice that performed 1 yr of volitional wheel running compared with sedentary mdx mice. Dorsiflexor mass (extensor digitorum longus and tibialis anterior) and function (extensor digitorum longus) were not altered by endurance training. In mice that performed 1 yr of volitional wheel running, plantarflexor mass (soleus and gastrocnemius) was increased and soleus tetanic force was increased 36%, while specific tension was similar in wheel-running and sedentary groups. Cardiac mass was increased 15%, left ventricle chamber size was increased 20% (diastole) and 18% (systole), and stroke volume was increased twofold in wheel-running compared with sedentary mdx mice. These data suggest that the dystrophic heart may undergo positive exercise-induced remodeling and that limb muscle function is largely unaffected. Most importantly, however, as the diaphragm most closely recapitulates the human disease, these data raise the possibility of exercise-mediated injury in dystrophic skeletal muscle.
IN HEALTHY SKELETAL MUSCLE, the protein dystrophin serves as a functional link between the actin cytoskeleton and the sarcolemma through the dystrophin-glycoprotein complex. This chain ultimately transmits forces to large extracellular proteins, including collagen. Duchenne muscular dystrophy (DMD) is caused by a lack of dystrophin, such that this linkage is broken (45) . As a result, muscle fibers are particularly sensitive to injury during the high forces associated with lengthening muscle contractions (49) . DMD advances rapidly, progressively damaging muscles and replacing muscle fibers with fibrotic tissue. Most patients are confined to a wheelchair by 12 yr of age and succumb to the disease in their early 20s due to respiratory failure. More recently, the history of the disease has evolved to include cardiomyopathy as a cause of death due to protection of the diaphragm through the application of respiratory support therapy (22) .
DMD is modeled by the mdx mouse, which is also dystrophin-deficient due to a nonsense mutation in exon 23 (7, 55) . While the mdx mouse suffers a far milder form of the disease, the hindlimb muscles suffer a severe necrotic bout, peaking from ϳ4 wk of age to 6 -8 wk of age, with little further decline until ϳ1 yr of age (15, 19, 46, 47) . The diaphragm more accurately recapitulates the progressive nature of the disease, complete with continued myofiber loss and fibrous infiltration, although it generally lacks fatty infiltration, which is observed in human patients (58) .
While dystrophin deficiency is the ultimate cause of the disease, it leads to a host of secondary dysfunctions, including, but not limited to, increased free radical injury (13, 20, 32, 39, 43, 57) , mitochondrial dysfunction and impaired ATP production (25, 37, 40, 48) , apoptosis, and inflammation. It is interesting to note that aerobic exercise would seem to counter these maladaptations. Related, transgenic upregulation and gene delivery of the exercise-inducible factor peroxisome proliferatoractivated receptor-␥ coactivator-1␣ have been shown to reduce many aspects of disease-related pathologies (29, 52) . Exercise is well known to increase expression of key antioxidant enzymes and reduce inflammation. Furthermore, a fundamental adaptation to aerobic conditioning is increased mitochondrial density, thus serving to increase the ATP production potential of the muscles. Lastly, exercise generally leads to a shift toward type I muscle, as well as expression of protein isoforms related to a shift toward type I muscle, such as utrophin (12) . Utrophin is a dystrophin-related protein that has successfully been used as a dystrophin substitute in multiple animal models of DMD in prevention and rescue paradigms (11, 33, 51, 62, 63) . Thus, given the widespread positive potential effects of exercise training on dystrophic muscle, utrophin is attractive as an interventional strategy and has found some efficacy in Becker muscular dystrophy (BMD) patients (60) .
Indeed, numerous exercise-based studies using varied ages, durations, and modalities have been conducted in dystrophic mice. Careful consideration of wheel-running studies, however, shows a generally cumulative mild benefit, ranging from no benefit (9, 10, 36) to decreased function (10, 38) , in soleus muscle (21, 30, 66) . Likelihood of success seems to be dependent on training duration: Ն4 mo improved function, 2 mo did not improve function, and 1 mo impaired function. This chro-nology is also consistent with changes in free radical injury during low-intensity treadmill running (35) . Furthermore, extensor digitorum longus (EDL) function is generally not improved by wheel running (10, 30, 36, 66) . Forced treadmill running also seemed to have a null or a generally negative effect on varied outcome variables (28) , even at low intensities (23, 35) , and is even used at higher intensities to deliberately worsen the dystrophic phenotype (8, 17, 50) .
Very few investigations have evaluated the effect of exercise on diaphragm or cardiac function. In one instance, ϳ1 yr of wheel running improved diaphragm function (21) . This is surprising, because the diaphragm undergoes an eccentric contraction during each breath due to the coupling of diaphragmatic contraction and elastic recoil of the chest cavity during expiration (27, 59) . Presumably, the increased respiratory rate associated with exercise would exacerbate this injury, because there would be more opportunity for injury. Indeed, the diaphragm was damaged to a greater extent than corresponding limb muscles during downhill running (6) .
Cardiac function and histopathology generally appear to be impaired by exercise or increased workloads (14, 44, 64) . Specifically, volitional exercise increased indexes of pathological cardiac remodeling in hearts from mdx mice (14) . In similar fashion, high-intensity treadmill running increased immune cell, fatty, and fibrotic infiltration compared with sedentary mdx mice (44) . Finally, the repair of dystrophin deficiency in skeletal muscle, but not cardiac muscle, led to increased volitional wheel running, which increased cardiac stress and hastened disease progression in the myocardium (64) .
The purpose of this investigation was to help clarify the role of long-term exercise in dystrophin-deficient skeletal and cardiac muscle function. Despite a previous report demonstrating that long-term exercise is beneficial to diaphragm function, we hypothesize that the increased rate of eccentric injury caused by respiration will exacerbate diaphragmatic decline in endurance-training mdx mice. In accordance with previous investigations, we expect that cardiac function will be negatively impacted by endurance training due to the increased workload.
METHODS
Animal procedures. All procedures were done in accordance with the guiding principles for animal use established by the American Physiological Society and with approval from the Institutional Animal Care and Use Committee at the University of Pennsylvania. At 4 wk of age, male mdx mice from our colony were assigned to a cage sedentary group (n ϭ 13) or an exercising (running) group (n ϭ 14). To maintain consistency, all animals were housed singly. Over the course of the experiment, some animals died as part of normal attrition and some measures were lost upon tissue recovery or data collection; hence, sample number for each measure is shown. We built customized, low-resistance wheels (11.5 cm diameter, 36 cm circumference) for running, so that the entire device would fit into the rack housing used by the animal facility. A magnet on the wheel triggered a sensor after each revolution, and the counter was stationed outside the cage. Total revolutions were recorded weekly. At the end of the 52-wk running period, animals were sedated with a ketamine-xylazine cocktail, and cardiac function was measured using echocardiography. Within 24 h, animals were brought to a surgical level of anesthesia, and muscles were removed for measurement of muscle function.
Echocardiography. After 1 yr of volitional wheel running, M-mode echocardiography was performed under ketamine-xylazine anesthesia, as previously described (4). Briefly, an M-mode cursor was positioned in the parasternal short-axis view perpendicular to the interventricular septum and posterior wall of the left ventricle (LV) at the level of the papillary muscles. M-mode images were obtained for measurement of LV end-diastolic and end-systolic dimension (LVDd and LVDs). Fractional shortening (%FS) was calculated using the following equation: %FS ϭ [(LVDd Ϫ LVDs)/LVDd] ϫ 100. The Teicholtz formulas were used to calculate end-diastolic and end-systolic volumes, ejection fraction, cardiac output, and stroke volume (56) . The same sonographer performed all the studies and resulting calculations and was blinded to the treatment groups.
Muscle function. In vitro muscle function was assessed at the Physiological Assessment Core of the Wellstone Muscular Dystrophy Cooperative Center at the University of Pennsylvania. Muscle function was measured according to standard techniques (3, 41, 42, (52) (53) (54) . Briefly, function was determined using an Aurora dual-mode level system with a computer interface controlled with DMC software (version 3.2). Limb muscles were placed in bubbled Ringer solution, and sutures were tied on the proximal and distal tendons. The central tendon and a section of rib from diaphragm strips were also tied with loops of suture. Suture loops were then attached to a force transducer or an anchor, so that muscle force production could be measured upon stimulation through bilateral electrodes. Optimum length (L o) was determined using standard techniques, and muscles were subjected to three supramaximal stimulations (EDL at 120 Hz, soleus at 100 Hz, and diaphragm at 100 Hz; 500 ms) at L o separated by 5 min to produce isometric tetanic contractions. Cross-sectional area (CSA) and specific tension were estimated using standard equations and constants (5) .
Statistics. Data from sedentary and wheel-running mice were compared using a Student's t-test; ␣ was set at P Ͻ 0.05. Values are means Ϯ SE, unless otherwise noted.
RESULTS
Body mass was similar between groups at the start of the investigation. After 1 yr of treatment, body mass of both groups increased, and the final body weight was ϳ12% greater (P Ͻ 0.05) for the running group than the sedentary group. On average, wheel-running animals ate ϳ5.6 g/wk more than cage sedentary animals: 31.5 Ϯ 0.7 vs. 25.8 Ϯ 0.4 g/wk (P Ͻ 0.05). Running distance peaked at ϳ100 km/wk in weeks 3 and 4 (at 7 and 8 wk of age) and declined steeply thereafter (Fig. 1 ). This pattern of peak performance and subsequent decline was repeated throughout the 1-yr running experiment, with the subsequent nadir generally lower than the one preceding it. During week 50 of running, mice ran only 8.5 km, which was the shortest distance recorded.
As the diaphragm in 1-yr-old mdx mice most accurately reflects the dystrophic phenotype observed in human patients, we measured diaphragmatic muscle function. We found that 1 yr of wheel running significantly impaired specific tension measured in the diaphragm by 60% (P Ͻ 0.05; Fig. 2 ) compared with sedentary mdx mice. This reduction is in addition to the 65% reduction in function in mdx mice compared with healthy animals (24, 26, 34) .
Plantarflexors (gastrocnemius and soleus) and dorsiflexors (EDL and tibialis anterior) were differentially affected by 1 yr of wheel running (Table 1) . Absolute EDL, tibialis anterior, and quadriceps masses were unaffected by wheel running, as they were similar between groups. However, these muscles were ϳ10% (P Ͻ 0.05) smaller when normalized for body weight. The EDL was examined further with in vitro muscle function testing. CSA, tetanic force, and specific tension were similar between groups (Table 2, Fig. 2 ). In contrast, absolute plantarflexor muscle mass was generally increased in wheelrunning compared with sedentary animals, as gastrocnemius mass was increased 12% (P Ͻ 0.05) and soleus mass was increased 20% (P Ͻ 0.05; Table 1 ). Subsequent muscle function tests on the soleus revealed that CSA was increased ϳ20% (P Ͻ 0.05) due in large part to the increased muscle mass, which is factored into the standard CSA equation (Table 2 ). About 36% (P Ͻ 0.05) greater tetanic force was produced by soleus muscles from wheel-running than sedentary mdx mice; however, specific tension was similar between the groups (Fig. 2) .
Heart mass was increased by 15% (P Ͻ 0.05) after 1 yr of wheel running compared with sedentary animals, although it was similar between groups when normalized for body mass (Table 3) . Cardiac function was measured using echocardiography. Under anesthetized conditions, heart rate was similar between groups. We found that 1 yr of wheel running increased LVDd by 20% (P Ͻ 0.05) and the corresponding end-diastolic volume by 40% (P Ͻ 0.05). LVDs was 18% (P Ͻ 0.05) greater following 1 yr of wheel running, and the corresponding endsystolic volume was 33% greater. Stroke volume was increased nearly twofold (P Ͻ 0.05), as was resultant cardiac output (P Ͻ 0.05).
DISCUSSION
Dystrophin deficiency is characterized by, among other factors, increased muscle injury, inflammation, free radical damage, and metabolic dysregulation. For some time, it has been appreciated that exercise has the capacity to counteract many of these secondary contributing factors. However, central to dystrophic pathology is membrane instability, which is likely exacerbated during exercise. Hence, the extent to which exercise may positively affect dystrophic muscle by increasing mitochondrial biogenesis, for example, may be tempered by increased damage to the sarcolemma. Consistent with previous work, we found that volitional wheel running improved muscle function in the soleus, but not the EDL. Contrary to previous findings, 1 yr of wheel running caused the heart to undergo remodeling, consistent with exercise in healthy hearts, including increased LV size, stroke volume, and cardiac output. Of serious concern, diaphragm function was severely impaired in animals that performed 1 yr of wheel running compared with sedentary animals.
Diaphragm function. Aside from beneficial changes to skeletal muscle, exercise is well known to have robust positive impacts, such as improved insulin sensitivity, psychological well-being, and weight management, on healthy humans and animals. Given that exercise could be expected to have these same positive effects in DMD patients, it is tempting to prescribe exercise. Furthermore, in a previous report, 1 yr of volitional wheel running improved diaphragm function in mdx mice (21) . In support of our hypothesis, we found, however, that a similar intervention reduced diaphragm function by 60% compared with sedentary mdx mice whose diaphragm function is already impaired 65% compared with predicted specific tension in healthy diaphragms from old animals (24, 26, 34) . Diaphragm function was poorly correlated to running performance (peak, nadir, delta, mean, and mean of the last 5 wk). It seems likely that the increased rate of respiration and workload required to support exercise accelerated disease progression in the diaphragm. Indeed, the diaphragm was more severely affected than limb muscle during downhill wheel running (6) , indicating that the eccentric contractions during respiration are deleterious to overall diaphragm health (27, 59) . Our findings of impaired diaphragm function with endurance exercise strongly support this conclusion. The striking contrast between our data and findings from a study with a similar design (21) is puzzling, and a satisfactory explanation is lacking.
That mice tend to perform intermittent sprints (16, 31) at high percentages of maximal O 2 uptake, as opposed to maintaining a steady pace, would further augment the drive for elevated respiratory rate, contraction intensity, and tidal volume, which could exacerbate diaphragm injury and impair function. Similarly, the elongated body position maintained by quadrupeds, which contributes to swings in abdominal pressure (2) , and the flexibility of the mouse ribs may also add to the eccentric injury suffered by the diaphragm. This increased injury and workload may lead to further cell damage, as the combination of contraction-induced injury and increased ATP demand may further stress damaged mitochondria (48) and lead to additional free radical production (54, 61) . Physical damage combined with elements of metabolic crisis and free radical damage can lead to inflammation, which contributes to fibrosis and impaired muscle function (1, 65) . The culmination of these events is a death spiral, where muscle use leads to bouts of injury that result in inflammation, to which the diaphragm appears particularly sensitive (18) . This then leads to fibrosis and muscle dysfunction, which puts more stress on existing fibers, and so on.
Of particular concern is that the diaphragm recapitulates DMD more accurately than any other skeletal muscle (58) ; hence, these data may be most predictive of the general exercise response in human dystrophic skeletal muscle. As the diaphragm is the single most important respiratory muscle, its function and protection are paramount. Because the impact of exercise on diaphragm function in this investigation is clearly negative and the diaphragm most accurately recapitulates the disease in humans, extreme caution should be taken when considering exercise for DMD patients, despite positive effects in BMD patients (60) .
Cardiac function. Given previous work, our expectation was that cardiac function would be diminished in exercising animals compared with sedentary animals (14, 44) . This hypothesis was predicated on the notion that the dystrophin-deficient heart fails to adapt to increased workloads and, instead, begins to undergo deleterious remodeling, serving to increase the rate of functional decline. This was demonstrated previously by using exercise interventions (albeit shorter in duration than those used in the present study) (14, 44) and by increasing cage activity via selective rescue of skeletal muscles, but not cardiac muscle (64) . Counter to our hypothesis, in this investigation, exercise produced changes predicted with exercise in healthy hearts, including increased heart weight, LV size, stroke volume, and cardiac output, without reductions in ejection fraction or fractional shortening. Previously, we postulated that resolution of the varied effects of exercise on soleus muscle function may be tied to training duration, and we also acknowledged the well-characterized decline in function associated with treadmill exercise, particularly at high intensities (8, 17, 50) . Consistent with findings in the soleus muscle, 1 mo of exercise decreased wall thickness and increased LV diameter (14) , and highintensity treadmill running increased injury to the myocardium (44) . Contrary to predictions in the soleus muscle, however, longer-term exposure to increased cardiac workload increased injury to the myocardium in 4-to 5-mo-old mdx mice (64) . Nevertheless, the data in the present investigation raise the possibility of beneficial effects of long-term exercise on the 
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Long-Term Endurance Exercise Compromises Diaphragm Function • Selsby JT et al. dystrophic heart, but these data remain uncorroborated, as we could not identify another long-term exercise intervention study where cardiac function was evaluated. Endurance exercise training improved a number of performance variables in BMD patients (60) , supporting the notion that hearts with dystrophinopathies are capable of beneficial remodeling resulting from exercise. That the diaphragm is failing could potentially impact cardiac function on the right side of the heart, particularly if there is a change in pulmonary pressure. Measurement of right-side function was beyond the scope of this investigation.
Limb muscle function and wheel running. Previous reports have shown muted benefits in soleus muscle function with volitional wheel running (21, 30, 66) , although there have also been reports of soleus muscle function similar to sedentary animals (9, 10, 36) and impaired soleus muscle function compared with sedentary animals (10, 38) . The findings that the soleus muscle was larger and corresponding tetanic force, but not specific tension, was increased support the notion that hypertrophy would be increased without correction of the underlying disease. Alternatively, while the change in specific tension failed to reach significance (P ϭ 0.076), the 20% improvement may suggest that exercise is having a positive effect on underlying contributing pathologies that are insufficient to improve muscle function or are countered by exerciseinduced muscle injury. The balance of exercise-mediated injury and beneficial adaptations in the soleus was beyond the scope of this investigation. Neither soleus specific tension nor tetanic force was correlated to running distance (peak, nadir, delta, mean, and mean of the last 5 wk). Also, consistent with previous investigations, dorsiflexor mass was not increased (although it did decrease relative to body weight) and function of the EDL was similar between groups (10, 30, 36, 66) .
Volitional wheel-running distance generally declined from a peak of ϳ100 km/wk during weeks 3 and 4 to ϳ9 -16 km/wk toward the end of the running period. It is also interesting to note consistent waves throughout the 1-yr running cycle marked by peaks and a lower trailing nadir. Consistent with our hypothesis of 1 mo of exercise contributing to muscle injury in heart and skeletal muscle, the largest decline in running performance occurred during week 5. Given the general increase in cardiac function, it is unlikely that cardiac performance limited exercise performance throughout the running period. Similarly, as soleus muscle function and plantarflexor mass increased in running animals, it is unlikely that limb muscle limited performance over the duration of the running period. As diaphragm function was so severely impaired, respiratory insufficiency likely limited performance of running animals as the study progressed.
In conclusion, we found that soleus muscle function was mildly improved while EDL function was not altered by 1 yr of free wheel running. Contrary to previous reports, cardiac function was improved by long-term volitional running. Most importantly, however, diaphragm function was greatly impaired in running animals compared with control animals. Because the diaphragm most closely recapitulates the human disease, the utility of exercise-based interventions for DMD patients is called into question. We have shown that diaphragm function may be impaired due to increased respiratory muscle workload and frequency of eccentric contractions during exercise training. In similar fashion, resistance exercise may also result in impaired diaphragm function for the same reason, as well as damage to muscles under strain, particularly during the eccentric phase.
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